The analysis of genetic diversity is routinely used to identify divergent intraspecific units and contribute to the knowledge base of biodiversity. In this study we used mitochondrial genetic diversity to propose three management units (MUs) for the Davy's nakedbacked bat (Pteronotus davyi), an insectivorous forest-dwelling species that is distributed in tropical and subtropical areas of America. We analyzed a 555 bp segment of the mitochondrial DNA (mtDNA) control region in 144 individuals from 18 localities spread across the species distribution range in Mexico. Our results demonstrated that the mitochondrial genetic diversity of P. davyi is distributed in three MUs, namely Gulf North, Pacific-Veracruz and Southeastern, with conservation priority, due to either the high mitochondrial genetic diversity or the high proportion of unique haplotypes, for the following populations: Playa de Oro, Arroyo del Bellaco and Catemaco in the Pacific-Veracruz region, and Agua Blanca, Sardina, Calakmul, Calcehtok and Kantemó from the Southeastern region. The Gulf North unit shows signs of the recent loss of genetic variability. These proposed conservation units could be considered a generalized model of conservation for other species of cave-dwelling bats that share the same habitats.
INTRODUCTION
Phylogeographic studies are very useful in identifying the principles and processes governing the geographical distributions of genealogical lineages, especially those at the intraspecific level (Avise et al., 1987) , aspects that are essential for biodiversity conservation (Moritz, 2002) . The identification of evolutionarily divergent populations is crucial for the maintenance of intraspecific genetic diversity (Avise, 2004) , and molecular characters provide a valuable source of information for the analysis of this intraspecific history and the delineation of population units, such as the Evolutionary Significant Unit (ESU) and the Management Unit (MU), the latter of which is fundamental to short-term conservation goals (Moritz, 1994 ). An ESU can be defined as a group of individuals or populations with reciprocal monophyly for mitochondrial markers. ESUs represent historically isolated lineages that cover the evolutionary diversity of a taxon and therefore have a high priority for conservation. MUs consist of one or more populations with significant divergence of allele frequencies at nuclear or mitochondrial loci, regardless of whether the alleles are monophyletic. In operational terms, MUs represent populations that exhibit limited gene flow and, as a result, show some level of demographic independence (Moritz, 1994) .
The Davy's naked-backed bat, Pteronotus davyi Gray 1838, is a forest-dwelling insectivorous bat (Adams, 1989) belonging to the family Mormoo pidae that is distributed mainly in tropical and subtropical areas of America. In Mexico all nakedbacked bats are included within the subspecies P. d. fulvus, which is distributed along two separated narrow strips that extend along the Pacific coast (from Sonora to Chiapas) and the Gulf of Mexico (from Tamaulipas to Tabasco) that converge in the lowlands of the Isthmus of Tehuantepec and then penetrate into the Yucatan Peninsula (Smith, 1972) .
Due to the typically large size of Davy's nakedbacked bat populations, this species plays an essential role not only in regulating forest insect populations, but also in the maintenance of these tropical ecosystems (Bateman and Vaughan, 1974; Adams, 1989) . Nevertheless, tropical forests are con tinuously shrinking, primarily as the result of hu man activities. The official document 'Mexico's REDD+ vision' (CONAFOR, 2010) states that the country lost on average 155,152 hectares of forest extent each year for the period [2002] [2003] [2004] [2005] [2006] [2007] , and nearly all of this deforestation (99.9%) occurred in the tropical forests, the main habitat of P. davyi. If this trend continues it is very likely that in the near future populations of this forest bat species will need active management to prevent the loss of genetic diversity.
In this study we analyzed the evolutionary history of P. davyi in Mexico, focusing on its genetic geographic variation and establishing dates for the main recent evolutionary events. We then utilized this information to identify MUs for P. davyi in Mexico. The MUs proposed are used to determine priorities for the conservation of the genetic diversity of this species. Finally, P. davyi is employed as a model species to define conservation priorities for other forest-dwelling fauna whose shared habitat is being similarly affected by human activities.
MATERIALS AND METHODS

Samples and Study Area
We sampled 18 P. davyi populations (names and acronyms are provided in Appendix) throughout the whole distribution area of the species in Mexico. Specimens were captured using harp traps, measured, and then biopsied from wing membranes using a three-mm biopsy puncher (Fray Products Corp., Buffalo, NY). Tissue samples were stored in 70% ethanol. The sampled bats were then immediately released, except for a few specimens which were preserved as vouchers and deposited in the scientific collections at the Estación Biológica de Doñana (CSIC) (catalogue nos.: EBD12750, EBD21346, EBD25382 and EBD25383). For appropriate ethics we followed our institutional protocol (Anonymous, 2010) and Sikes et al. (2011) .
DNA Extraction, Amplification and Sequencing
A total of 144 bats were used (accession nos. EF989018-EF989084, JN375694-JN375710). Total DNA extraction was performed using the DNeasy Tissue Kit (Qiagen, Inc., Valencia, CA). Primers, amplification conditions and sequencing of the hypervariable domain (HVII) of the control region followed the methods described by Guevara-Chuma cero et al. (2010) .
Genealogical Analyses and Genetic Structure
We explored global genetic structure using Spatial Analysis of Molecular Variance (SAMOVA), ver. 1.0 (Dupanloup et al., 2002) . This method defines k as continuously homogenous but genetically differentiated populations where the proportion of total genetic variance (F CT ) is maximized. We ran SAMOVA with 1,000 simulated annealing processes for a range of k values from two to four. An analysis of molecular variance (AMOVA) was then used to examine the amount of genetic variability partitioned within and among populations, as well as among groups of populations, using Arlequin, ver. 3.11 (Excoffier et al., 2005) . To explore the relationships among haplotypes a median-joining network was built using Network, ver. 4.5.1.6 (Ban delt et al., 1999) .
Average genetic distances among regional groups were evaluated using the Tamura-Nei (TrN) substitution model (Tamura and Nei, 1993) implemented in Mega, ver. 4 (Tamu ra et al., 2007) . We used this model because it is suitable for comparisons among closely related taxa (Palma et al., 2005; Gu e varaChumacero et al., 2010) . Polymorphism levels were estimated by haplotype diversity (H) and nucleotide diversity (π), which were determined with-in geographic regions using DNAsp, ver. 4 (Rozas et al., 2003) .
Finally, linear regressions were generated with NCSS, ver. 2000 (Hintze, 1999) , to examine the relationship between latitude and nucleotide diversity for each geographic region (Gulf, Pacific and Southeastern) in order to help evaluate possible post-Pleistocene expansions from southern refugia. It is expected that weaker relationships will be observed in the north due to leading edge expansion (Hewitt, 2000) .
Divergence Time and Migration
The isolation with migration (IM) coalescent model, as implemented in the program IM (update 2009; Hey and Nielsen, 2007) , was used to estimate the divergence times (t) and migration rates in both directions (m 1 and m 2 ), among the groups of populations of P. davyi previously defined by SAMOVA. To calculate these parameters we estimated the effective population sizes of the current (θ 1 and θ 2 ) and ancestral populations (θ A ) using the same software. The model uses Metropolis-Hasting Markov Chain Monte Carlo (MCMC) simulations to find the optimal combination of values for these demographic parameters that best fit the dataset. The inheritance scalar was set to 0.25, and the model of evolution was set to HasegawaKishino-Yano (HKY) (Hasegawa et al., 1985) nucleotide substitution model, as recommended for mitochondrial DNA (IM manual). We initially performed exploratory runs to define the minimum range of bounded priors for demographic parameters that ensure the incorporation of full marginal posterior probability densities. The prior values used for the final analyses were as follows: t = 20, θ 1 = 400, θ 2 = 300, θ A = 100 and m 1 = m 2 = 2. The convergence was assessed through two independent MCMC runs (with different seed numbers carried out with 20,000,000 recorded steps after a burn-in of two million steps), and by monitoring the ESS values, the update acceptance rates and the trend lines.
A divergence rate of 10% per million years, assuming one generation per year, was used for the control region (Wilkinson and Fleming, 1996) . We converted t to real time (t) using t = t/µ. The effective number of female migrants between populations was calculated using the formulae: M 1 = θ 1 * m/2 and M 2 = θ 2 * m/2 (Hey and Nielsen, 2004) .
RESULTS
Nucleotide Sequences and Haplotypes
A 555-base pair fragment that covered the complete HVII domain of the mtDNA control region of P. davyi was analyzed. In this fragment, 61 positions were variable, of which 65.6% was parsimony informative. Eighty-three different haplotypes were identified, the most common of which was haplotype 53, which occurred in 14.4% of the sampled individuals. A total of 17 (20.5%) shared haplotypes and 66 (79.5%) unique haplotypes were observed (Fig. 1) .
Genealogical Analyses and Genetic Structure
The hierarchical and spatial analysis of genetic structure (SAMOVA) identified three units (K = 3, F CT = 0.52, P < 0.001) as the most fundamental subdivisions: Gulf North (GULN) that covers TR, TA, and PU populations; Pacific-Veracruz (PAC-VER) which includes TI, SD, FR, VI, AM, OR, PO, LA, CA, and AR populations; and the Southeastern Unit (SOU) that comprises the populations of AB, SA, CK, KA, and CAL. The distinction of the three groups is supported by a haplotype network, in which six haplotypes belonging to the GULN region, 43 to the PAC-VER region, 32 to the SOU region, and two haplotypes shared among regions (Fig. 2) . The Analysis of Molecular Variance (AMOVA) among these three groups revealed a significantly higher percentage of genetic variance between regional groups than among populations within regional groups (36.2% and 6.6%, respectively), with the largest fraction (57.2%) due to differences within populations (fixation indices: F SC = 0.103, F ST = 0.427, F CT = 0.362, all P-values significant at < 0.05).
Genetic distances based on the Tamura-Nei substitution model (TrN) indicated that the greatest difference was between regions PAC-VER and SOU and GULN and SOU (2.02% and 1.84%, respectively); differentiation between PAC-VER and GULN was 1.52%. The PAC-VER and SOU regions presented similar levels of haplotype diversity, which was lower in the GULN region. Nucleotide diversity also was lower in the GULN region (Table 1) .
There was a significant negative correlation between nucleotide diversity and latitude from Pacific (R 2 = 0.73, P = 0.015) and Gulf (R 2 = 0.87, P = 0.021) geographic regions. For the Southeastern region this correlation also was negative, although not significant (R 2 = 0.27, P = 0.367 - Fig. 3 ). The isolation with migration coalescent model (IM) suggests that the number of migrants between PAC-VER and SOU regions are effectively low, and also among regions PAC-VER, GULN and SOU. Table 2) . Divergence time between PAC-VER, GULN and SOU geographical groups during the Pleistocene was 67,500 years ago (90% HPD = 50,200-84,100 years ago). Divergence time between PAC-VER and GULN geographical groups was shorter (t = 21,100, 90% HPD = 8,500-36,600 years ago) ( Table 2 ).
DISCUSSION
Our results indicate a phylogeographic structure with three haplogroups: GULN, PAC-VER, and SOU, genetically isolated but with a common Pleistocene origin. The isolation with migration results suggest that populations from PAC-VER and GULN regions diverged from populations of the Southeastern region at least 67,000 years ago; a date cor responding to the Wisconsin glacial period (Martínez and Fernán dez, 2004; Hall, 2005) . A similar date was obtained by Guevara-Chumacero et al. (2010) for the divergence between PAC-VER-GUL and SOU groups, indicating a long period of isolation supported by very low levels of gene flow, which corroborates the estimates obtained from the IM model (Table 2) . De spite the clear differentiation between populations of P. davyi on both sides of the Isthmus of Tehuantepec (1.97%) they are not monophyletic groups due to the presence of some shared haplotypes, and they cannot be considered ESUs. How ever, determining ESUs based on a single molecular genetic marker is not ideal; instead, the above mitochondrial data should becombined with nuclear information (Crandall et al., 2000) .
The pair-wise F ST , SAMOVA and network analyses indicate a significant subdivision of P. davyi into three population groups, PAC-VER, GULN and SOU, and that these populations merit assignment to different management units (MUs), which are defined as "one or more populations with significant differentiation in their mitochondrial haplotypes, regardless of the phylogenetic distinctiveness of the alleles" (Moritz, 1994: 374) . The three MUs are the result of the complex recent evolutionary history of P. davyi, with different expansion episodes occurring during the Pleistocene. The significant negative correlation between mitochondrial genetic diversity and latitude among bat populations in habiting both the Pacific and Atlantic coasts (Fig. 3) suggests to a rapid geographic expansion from south ern refugia to formerly unsuitable areas (To le do, 1982; Gutiér rez-García and Vázquez-Domín guez, 2013), through a process of repeated founder events (and loss of alleles) during the range expansion of the populations (Hewitt, 2000) .
The identified MUs are important in terms of conservation, but given their high mitochondrial genetic diversity and high proportion of unique haplotypes (above 70% by population) (Fig. 1) , conservation efforts should be focused foremost on bat populations from Playa de Oro, Arroyo del Bellaco and Catemaco (PAC-VER region), as well as those from Agua Blanca, Sardina, Calakmul, Calcehtok and Kantemó (SOU region). The populations of Agua Blanca and Sardina are located geographically close to the contact area between the regions PAC-VER and SOU, a zone that should be considered under some conservation plan given that the infrastructure for generating wind energy has had a strong negative impact on bat populations, similar to what occurred in many parts of North America (Johnson, 2005; Kunz et al., 2007; Arnett et al., 2008) . For example, a recent study of this contact area in Mexico reported the presence of 20 different bat species found dead beneath wind turbines with P. davyi the most frequently killed species (INECOL, 2009) .
Furthermore, caves in Mexico have been sealed off because of the purported presence of vampires (Desmodus rotundus), thus threatening non-target species that use these sites (Pint, 1994) . Bats have also been killed in their roosts using dynamite, shotguns, smoke and fire, and cyanide gas (Mickleburgh et al., 2002) . This type of slaughter occurs in the geographic regions proposed as MUs in this study, calling for the implementation of active cave conservation projects, such as those already underway in the UK and USA (Hensley, 1992; Hutson et al., 1995) . Translocation is a powerful conservation tool that has been used in the management of a wide range of taxa (Seddon et al., 2007) ; although these (Guilbert et al., 2007) . Ruffell and Parsons (2009) dem onstrated that translocated bats of Mystacina tuberculata remained at their release site and survived; however, after several months many bats had damaged, infected ears and some individuals were balding. The best alternative strategy for conservation is the protection of geographic areas in which utilized caves exhibit either unusually high diversity or multispecies populations (Arita, 1993 (Arteaga et al., 2012) and plants (González-Astorga et al., 2006) . The status of genetic diversity of bats and plants populations in this zone is possibly due to the geographic isolation of the GULN region.
As Eckert et al. (2008) showed, nucleotide diversity is reduced in marginal areas with respect to central areas of the species distribution. Furthermore, results from IM analysis indicate that P. davyi bat populations in the GULN region diverged from the PAC-VER region at least 21,000 years ago, corresponding to the last glacial maximum (LGM). Isolation between GULN and PAC-VER regions is probably amplified by the loss of habitat due to deforestation (Jahrsdoerfer and Leslie, 1988; OrtegaHuerta and Peterson, 2004) . In addition, it has been shown that among the causes of decline of genetic diversity in bats are recent changes in land-use, as observed for example in the trefoil horseshoe bat Rhinolophus trifoliatus, papillose woolly bat Ke rivou la papillosa (Struebig et al., 2011 ) and Seba's short-tailed bat Carollia perspicillata (Meyer et al., 2009 ). An urgent conservation goal should be to manage the populations of the GULN region with actions focused on maintaining their current demographic and genetic diversity, given that isolated populations are likely to become extinct in the near future (Templeton et al., 1990) , which recently occurred, for example, to the Chihuahuan meadow vole, Microtus pennsylvanicus chihuahuensis (List et al., 2010) .
The importance of considering the proposed MUs for P. davyi lies in the fact that this species typically inhabits areas where habitat fragmentation has increased dramatically in recent years due to exceptionally high rates of deforestation, as the result of agricultural transformation and other human activities (Bray and Klepeis, 2005; Newton, 2007) . In addition, the proposed conservation units in this study can probably be generalized to other species of forest-dwelling bats, such as Pteronotus personatus, P. parnellii, Mormoops megalophylla and Natalus mexicanus, which in many cases share habitat and shelters (Bayona-Miramontes and Sánchez-Chávez, 2007) , and for its large population sizes are important ecosystem service providers and help control insect populations, essential even for the maintenance of tropical ecosystems (Kunz et al., 2011) . Conser vation management in Davy's nakedbacked bats should aim to maintain connectivity between populations to guarantee the observed high levels of gene flow among populations.
In conclusion, this study identifies three different management units for P. davyi, all of conservation concern, due to the loss of Mexican forests, the main habitat for this species, and the impact caused by human activities. The management of P. davyi populations as MUs proposed in this study can be used as a guideline in making decisions concerning the conservation of these forest-dwelling bats, as well as populations of other bat species that exhibit similar ranges and ecological requirements. The importance of the reduction in deforestation rates and the design of connecting geographic corridors are highlighted as the main ways of preserving genetic diversity not only for this and other species of bats, but also for the remaining Mexican forest flora and fauna.
